Nanoimprinting has become one of the advanced patterning methods for fabricating metal/polymer bi-layer nanostructures used for functional materials. How to control and avoid the emergence of various defects in nanoimprinting process is one of the key issues to improve the quality of nanofabrication. However, little attention has been paid to the demolding process which most likely lead to defects. In this paper, von Mises stress and deformation of bi-layer structure during demolding process were simulated and analyzed. In the finite element analysis model, the adhesion and friction forces were considered. The results presented that stress concentration occurred at four locations in the bi-layer structure. The curves of stresses were plotted to explain the stress concentration and deformation. By comparing the stresses at key locations, related regularities about how to avoid stress concentration were proposed. Depending on these regularities, corresponding measures can be applied to avoid the delamination defects in bi-layer structure in practice.
Introduction
The sub-micrometer scale patterning of metal films is important in fabricating a wide range of optoelectronic and bio-photonic functional devices, such as optical gratings, reflective polarizers, grating couplers, and so on. To fabricate nanostructure used for these devices, surface chemical deposition method is one of the widely adopted methods [1, 2] . However, the method is too complex to extend this technology to fabricate bi-layer nanostructure. Nanoimprint lithography (NIL), a potential candidate for the next generation lithography technology, has become more and more popular owing to its low-cost, high-throughput and high-resolution [3, 4] . NIL is originally developed for the imprinting of soft polymer films, as shown in Fig. 1 a) . Recently, several studies have shown that the NIL technique can be extended to the imprinting of even hard thin layer materials such as gold, silver or copper if the mold is fabricated from a hard material [5] . However, the imprinting process requires ultra-high pressure which is likely to lead to the mold deformation and the substrate damage. To reduce the ultra-high pressure during imprinting process, Chen et.al. proposed a nanoimprinting method to fabricating metal/polymer bi-layer nanostructure with hard metal films, as shown in Fig. 1 b) [6] . However, there are still challenges for further development of nanoimprinting in metal/polymer bi-layer structure. One important challenge is to understand the deformation behavior and stress characteristics of bi-layer structure to avoid the emergence of various defects in demolding process. With the expanding application of nanoimprinting in metal/polymer bi-layer structure, it is imperative to improve imprinting quality through optimizing demolding process [7] .
Metal layer after imprinting can be found in three basic cases: a) metal only exiting on top polymer; b) metal exiting on both top polymer and two sides of side wall; c) metal exiting on top polymer and one side of side wall. Among the three cases, defects can be found easily in the first case, especially near the interface of the top metal layer and the polymer during demolding. Chen et al. studied the fabrication of metal films by NIL with low-temperature and low-pressure [6] . Liu et al. explored the nanoimprinting of aluminum/polyimide bi-layer substrates by finite element method (FEM) [7] . Yao et al. analyzed the effects of several factors, which include mold geometry, film thickness, and imprinting process parameters, on the quality of pattern transfer in a direct nanoimprint process [8] . They all optimized the parameters during imprinting process and provided a convenient way of establishing suitable imprinting conditions for a variety of nanoimprinting applications. However, although there have been many investigations about nanoimpriting process, little attention has been paid to the demolding process during nanoimprinting in metal/polymer bi-layer structure. How to control and avoid the emergence of various defects in demolding process is one of the key issues to improve the quality of nanofabrication using nanoimprinting.
The purpose of this work is to investigate the stress of bi-layer structure during demolding process by adopting FEM analysis. The simulation results showed the varying characteristics of stress and deformation with demolding displacement. Based on analysis of these simulation results, stress concentration and representative deformation were essentially explained. Eventually, related regularities were proposed from the comparisons of stress at different key positions of the metal layer.
Simulation Methodology

1. FEM model and boundary conditions
FEM simulations were performed to investigate the demolding process of metal/polymer bi-layer structure.
The resist poly(methyl methacrylate) (PMMA) was applied as the underlying layer on the substrate. Then the Pt-Pd metal layer with thickness 20 nm was coated on the PMMA resist. And the nickel (Ni) mold was employed in this simulation. The interface between the Ni mold and the bi-layer structure was defined to be slip-allowed, indicating that the contact detaching during demolding was allowed. Figure 2 shows the two-dimensional (2D) FEM model and boundary conditions for simulation. In the simulations, the displacement control was employed, and the mold was released through a total distance of 200 nm in the upward direction to accomplish the demolding process. The bottom surface of the PMMA resist was fixed. Horizontal displacement on both sides of the whole model was confined, where nodes can only move vertically. 
Material properties
The PMMA resist is easier to deform than the mold and metal layer. In the FEM simulation, the PMMA resist was assumed to be a rubber elastic material. Due to the assumption of incompressibility and isotropy made for PMMA, a Mooney-Rivlin model was used to accommodate the properties of PMMA. According to the Mooney-Rivlin model [9] [10] [11] the stress is expressed as:
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in which the C 10 and C 01 are Mooney constants, and they are derived from the following approximate relations:
where E refers to the elastic coefficient of the PMMA resist, of which is assumed to be 3.3 GPa [11, 12] . Then by inserting value of E into above formulas, C 10 and C 01 can be calculated to be 440 MPa and 110 MPa, respectively. Meanwhile, Ni mold was assumed to be linear elastic material with constant Young's modulus of 207 GPa and Poisson's ratio of 0.31 [13] . And the metal layer was also assumed to be linear elastic material with constant Young's modulus of 168 GPa and Poisson's ratio of 0.39.
3. Finite element simulation
The simulation was performed using finite element package ANSYS. The plane stress assumption was adopted to simplify the simulation as the perpendicular deformation of polymer resist to the mold surface during demolding was negligible. A 2D four-nodal linear structural element PLANE 42 was used to represent the Ni mold and the metal layer, and a 2D four-nodal hyperelastic structural element PLANE 182 was employed to represent the PMMA resist. A contact element of CONTA 171 was applied for the interface between the Ni mold and bi-layer structure, representing the slip-allowed boundary. In addition, the interface between the metal layer and PMMA resist shared the same nodes. The element size was 20×20 nm 2 in the mold and PMMA resist. To invest the stress and deformation of metal layer, the element size was meshed finer with the size of 10×20 nm 2 . And the element attributes and mesh generations are shown in Fig. 3 .
Results and Discussion
1. Bi-layer nanoimprinting simulation Figures 4 a) and b)
show the von Mises stress distribution during demolding process. Figure 4 a) presents the von Mises stress distribution of the metal/polymer structure during demolding process at demolding displacement of 20 nm. Stress concentration in the top center surface of metal layer can be found from Fig. 4 a) . The stress ratio at center/corner on the top surface is 4.72. And the value of stress at the center of the interface between metal layer and PMMA resist is also very high. This phenomenon arises due to the demolding forces which cause the top center of the metal layer to a) b) Fig. 4 . Von Mises stress distribution of bi-layer structure during demolding process: a) Demolding displacement=20nm, b) Demolding displacement=70nm. support compressive stress and the interface center support tensile stress.
A large change of stresses can be observed across the interface between the metal layer and PMMA resist in Fig. 4 a) . This can be explained using the stress-strain relationship, which follows Hooke's law within the limit of proportionality. The Hooke's law is expressed as: E σ ε = (5) where σ, Ε, ε is the stress, Young's modulus and strain, respectively. The interface between metal layer elements and the PMMA resist elements shared the same nodes, so they had the same strain at the interface. Because Young's modulus of the PMMA resist was far smaller than the metal layer, so the stress in the PMMA resist was comparatively smaller than that in the metal layer near the interface between the metal layer and PMMA resist.
In addition, the PMMA resist, contacting with the Ni mold, has low stress as shown in Fig 4 a) . This is because the PMMA resist during demolding process arised necking deformation, which may cause the separation between the Ni mold and the PMMA resist. Figure 4 b) shows the von Mises stress distribution in PMMA resist of bi-layer structure during demolding process at demolding displacement of 16 nm. The stress of PMMA resist is in the range of 8 to 412 MPa and concentrates at interface of bi-layer structure. The maximum stress of PMMA resist during demolding process can be found near the corner as shown in Fig. 4 b) .
The stress in PMMA resist is above the yield stress of PMMA resist (110 MPa). This will lead to fracture defects at the corners between the PMMA resist and metal layer. Considering the value of Young's modulus of PMMA resist (3.3 GPa), deformation in the PMMA resist is expected to be very small. Thus, the discussions in following context will only focus on stress and deformation in the metal layer. center node and the interface center node, respectively. The metal layer is easy to be deformed due to the upward force during this process. The ratio of stresses between the top center node and the interface center node about the peak value is 1.5, so the deformation is more likely to arise on the top center of the metal layer. Figures 6 a) and b) show the stresses at different displacements on the top corner node and interface corner node, respectively. As indicated in Fig. 6 a) and b), when the demolding displacement is 20 nm, the peak value reaches 1000 MPa and 1500 MPa on the top corner node and interface corner node, respectively. The upward force is likely to cause the bi-layer structure to be delaminated during this process. The ratio of stresses between the interface corner node and the top corner node about the peak value is 1.5, so the delamination is more likely to arise on the interface corner node.
Analyses of the stress about metal layer
To prevent the formation of these delamination defect phenomena, lower friction between the mold and the polymer is necessary. It is known that the friction between the mold and the polymer can be considerably reduced with the coating of anti-adhesion film on the mold surface in actual operation. Upwarding forces acting on the interface between metal and polymer will become smaller when the friction is lower, and it may avoid arising delamination defects in practice application of nanoimprinting.
Conclusion
The stresses of bi-layer structure during demolding process in nanoimprint lithography were studied using the FEM simulation. The adhesion and friction forces were considered in the finite element analysis model. The variation of the von Mises stresses in metal/polymer bi-layer structure during demolding process of nanoimprinting was elucidated. The stress concentration of metal layer was analyzed in all stages of demolding process. Comparing the stresses at different locations, it is found that the deformation is more likely to arise on top center surface of the metal layer and the delamination is more likely to arise on the corner interface of metal layer.
